Distal embolism is an important periprocedural technical complication with carotid angioplasty and carotid artery stenting (CAS). We evaluated the safety and efficacy of protection devices used during CAS by detecting new cerebral ischemic lesions using diffusion-weighted magnetic resonance imaging in 95 patients who underwent 98 CAS procedures: 34 using single PercuSurge GuardWire, 31 using double balloon protection, 15 using proximal flow reverse protection devices, 14 using Naviballoon, and 4 using filter anti-embolic devices. Diffusion-weighted imaging was performed preoperatively and postoperatively to evaluate the presence of any new embolic cerebral lesions. Postoperative diffusionweighted imaging revealed 117 new ischemic lesions. Three patients had new ischemic stroke, two minor and one major, all ipsilateral to the treated carotid artery. The remaining patients had clinically silent ischemia. The incidence of new embolic lesions was lower using the proximal flow reverse protection device than with the double balloon protection (33% vs. 48.4%), but the volume of ipsilateral new ischemic lesions per patient was 136.6 mm 3 vs. 86.9 mm 3 , respectively. Neuroprotection with Naviballoon yielded ipsilateral lesions of large volume (86.6 mm 3 ) and higher number (5.7 lesions per patient) than using the filter anti-embolic device (34.8 mm 3 and 1 lesion per patient). New cerebral ischemic lesions after neuroprotected CAS are usually silent. The lower incidence of distal ischemia using proximal flow reverse and double balloon protection devices is limited by the larger volume and higher number of ischemic lesions.
Introduction
The recent revolution in endovascular intervention has added a feasible alternative to conventional surgical repair for the management of different neurovascular pathologies. Percutaneous carotid angioplasty and carotid artery stenting (CAS) has the potential of being minimally invasive, less traumatic, and safer in patients with a high surgical risk, resulting in shorter hospital stays. 33) However, CAS does carry inherent risks of morbidity and mortality. The main limitation of this technique is the risk of distal cerebral embolization caused by mobilization and migration of plaque fragments. 8, 32) Although cerebral protection devices have been developed and are widely used to prevent periprocedural cerebral embolization, their application may result in additional complications. 9, 20) Cerebral ischemia can be significantly reduced by using protected CAS compared to unprotected procedures, 8, 35) whereas favorable outcomes have been reported with unprotected CAS and most of the neurological complications could not have been prevented with protection devices. 25) Cerebral protection can be achieved by different devices including filter embolic protection devices, distal balloon occlusion devices, and proximal flow reverse protection devices. Their efficacy has been evaluated in various in vitro [19] [20] [21] [22] and clinical studies. 11, 12, 34) However, the number of new ischemic lesions and their volumes, as depicted by diffusion-weighted magnetic resonance (MR) imaging, are rarely studied as comparative criteria between neuroprotection devices.
The present study evaluated the safety and efficacy of different neuroprotection devices used during CAS in regard to the incidence, volumes, and numbers of the new cerebral ischemic lesions using diffusion-weighted imaging.
Methods
A total of 122 patients underwent 128 protected CAS procedures for treatment of occlusive carotid artery diseases at our institution between January 2001 and December 2005. Of these, 27 patients with incomplete data, who were lost to follow up or who were evaluated with a different MR imaging technique (5 mm slice thickness and 1 mm inter-slice gap) were excluded. The remaining 95 patients who underwent 98 CAS procedures were included in this study. All patients underwent complete neurological examination before, during, immediately after, and at 30 days, 3 months, and 6 months to 1 year after the intervention by a vascular neurosurgeon who was not involved in the CAS (S.M.).
All patients received 100 mg of acetylsalicylic acid and 200 mg of ticlopidine or 200 mg cilostazol for at least 7 days before the procedure. All patients received 4000 to 5000 units of heparin intra-venously early in the procedure with an additional 1000 units/hour to maintain activated clotting times between 250 and 300 seconds, and 0.5 mg of atropine sulfate to reduce bradycardia and hypotension induced by baroreceptor stimulation during CAS. After the procedure, patients were given 200 mg of clopidogrel for 3 months and 100 mg of acetylsalicylic acid indefinitely. Procedures were performed under general anesthesia until 2004, after which local anesthesia was used.
The transfemoral approach is the standard for percutaneous stenting, but the transbrachial approach was used in 2 patients, and direct carotid puncture was employed in 4 patients due to severe atherosclerosis or tortuosity of the blood vessels. The selection of the protection devices depended on the degree of stenosis, angioanatomy of the treated carotid artery, condition of the collateral circulation, presence of contralateral carotid artery stenosis, as well as the presence of anastomotic channels between the vertebrobasilar and carotid artery systems. Fifteen patients were treated using the Parodi Anti-embolic System (ArteriA Medical Science, San Francisco, Calif., U.S.A.), 34 patients were treated using the PercuSurge GuardWire (Medtronic AVF, Santa Rosa, Calif., U.S.A.), 31 patients were treated by simultaneous temporary occlusion of the internal carotid and external carotid arteries using the PercuSurge GuardWire and Sentry Balloon catheter (Boston Scientific, Tokyo), 14 patients were treated using the Naviballoon (Kaneka Medics, Tokyo), and 4 patients were treated with the use of a commercially available filter Mint Catch (Century Medical, Tokyo 2, 11, 35) were explained to the patients and informed consent was obtained.
MR imaging was performed before and after the procedures within 4 days using a 1.5 T MR imaging scanner (Signa Horizon Echospeed; GE, Milwaukee, Wis., U.S.A.). MR imaging sequences included fast fluid-attenuated inversion recovery (FLAIR) and diffusion-weighted imaging. The FLAIR sequence was performed with the following parameters: repetition time (TR)/echo time (TE)/excitation 8000 msec/130 msec/1, inversion time 2000 msec, matrix 288 × 192, field of view (FOV) 220 × 220 mm, and section thickness 5 mm with intersection gap 1 mm. Total acquisition time was 3 minutes 28 seconds. Diffusion-weighted imaging was performed using a spin-echo echo-planar sequence with the following parameters: b values 1000 sec/mm 2 , TR/TE/excitation 5300 msec/65 msec/1, matrix 128 × 160, FOV 240 × 240 mm, section thickness 3 mm with no gap, and 20 slices. Total acquisition time was 1 minute 20 seconds.
The trace diffusion-weighted images (b values 1000 sec/mm 2 ) were evaluated for the presence or absence of new embolic lesions. Baseline lesion volumes were determined on an offline computer station. Diffusion-weighted imaging parameters were measured by placing regions of interest within the lesion on the trace images. The global lesion volume was determined by multiplying the area of diffusion hyperintensity by the sum of the slice thickness (3 mm). Imaging analysis was done by a neuroradiologist (M.M.) who was unaware of the clinical status of the patients or the protection devices used. The number, volume, location, and vascular territories of signal intensity abnormalities were detected by comparison to the preoperative diffusion-weighted images.
The location of the lesions was classified as the cortical and subcortical parts of the cerebrum, and the deep area defined as the basal ganglia and thalamus. 13) Minor stroke was defined as the loss of neurological function caused by an ischemic event which disappeared within 30 days of onset. Major stroke was defined as symptoms which persisted for more than 30 days following onset. The duration of clinical follow up ranged between 6 to 53 months (mean 29.4 months). Data was analyzed using STATISTICA software ('99 edition by StatSoft, Inc., Tulsa, Okla., U.S.A.). Results were analyzed using the Fisher exact test, Student's t-test, Mann-Whitney rank sum test, or Duncan's multiple range test where appropriate to determine the efficacy and maximum neuroprotection offered by the anti-embolic devices, and compared using the x 2 method. A p-value º0.05 was considered to be statistically significant. Table 1 shows the demographic and clinical characteristics of the patients. Patients with new ischemic lesions on postoperative diffusion-weighted imaging showed several different characteristics from those without new ischemic lesions, including a higher incidence of symptomatic carotid artery stenosis (p º 0.05), more severe carotid artery stenosis (p º 0.001), and a higher incidence of contralateral carotid artery occlusion (p º 0.001). The morphological variables of carotid plaque (ulceration, calcification, concentric, or eccentric) were not associated with a significantly higher incidence of distal ischemia. Hypertension, diabetes mellitus, and hyperlipidemia were the most commonly encountered risk factors, and medical risk factors were significantly associated with higher incidence of ischemic lesions (p º 0.001). Table 2 shows the characteristics of the new ischemic lesions. We found 117 new distal ischemic lesions in 42 patients (mean 2.8 ± 2.05 per patient). The incidence of new ischemic lesions was lower using distal balloon protection with the Naviballoon, Mint Catch filter device, and proximal flow reverse protection device (Parodi Anti-embolic System), compared to double balloon protection (PercuSurge Distal Ischemia After CAS GuardWire with Sentry balloon catheter) and the single PercuSurge GuardWire. However, this lower incidence was not always associated with maximal neuroprotection in patients with new lesions as shown in Fig. 1 . The volume of ipsilateral new ischemic lesions per patient using the proximal flow reverse device (136.6 mm 3 ) was larger than that using double distal balloon protection (86.9 cm 3 ), despite the lower reported incidence. Larger ipsilateral volume was also obvious using the Naviballoon (491 mm 3 ). Distal balloon protection with the Naviballoon yielded more lesions (5.7 per patient) with larger lesion volume (86.6 mm 3 per lesion). Three patients suffered neurological worsening fol-lowing CAS with ipsilateral lesions, all were treated using the Naviballoon. Those patients had larger volumes and higher numbers of ischemic lesions.
Results

Discussion
Noninvasive monitoring tools are preferred to investigate the safety and efficacy of carotid endarterectomy. 15 ) Diffusion-weighted imaging has proved to be superior to other MR imaging sequences and is now considered to be the best technique for the evaluation of cerebral ischemic lesions after carotid intervention. 3, 14) Diffusion-weighted imaging detected 98% of ischemic lesions, FLAIR imaging detected 91%, and early T 2 -weighted or proton densityweighted imaging detected only 71% and 80%, respectively. 26) Only 29% of ischemic lesions depicted by diffusion-weighted imaging were visible on T 2 -weighted MR imaging. Diffusion-weighted imaging has the advantages of low false negative findings, obvious discrimination between nonischemic brain tissue and new embolic event, and between acute and chronic cerebral ischemic lesions. 15, 16) Therefore, diffusion-weighted imaging facilitates the determination of the type, site, and extent of cerebral ischemia at an early stage. 28, 31) Diffusion-weighted imaging is highly sensitive for large ischemic lesions, but might not be for small lesions. Conventional diffusion-weighted imaging studies used 5-mm section thickness with 1-mm intersection gap. If a lesion is smaller than the section thickness and occupies only part of a voxel, the contrast relative to background tissue depends on both the signal intensity of the lesion and the proportion of the voxel occupied. Small, low-contrast lesions occupying only part of a voxel may go undetected. Therefore, false negative results could occur with small embolic infarctions. 31) The present thin-section diffusion-weighted imaging protocol used 3-mm section thickness with no intersection gap, so permitted better lesion discrimination and more precise stroke diagnosis, and improved the detection accuracy for small infarcts despite the intrinsic limitations of diffusion-weighted imaging methodology.
The present study evaluated the safety and efficacy of different neuroprotection devices used during CAS by using thin-section diffusion-weighted imaging to detect new distal cerebral ischemic lesions. Lower incidences of new embolic lesions were found in patients treated with proximal flow reverse protection devices, distal balloon protection with Naviballoon, and with the filter anti-embolic devices, as compared to single or double distal balloon protection using the PercuSurge GuardWire. However, these lower incidences did not correlate to maximum neuroprotection as the volumes of these ischemic lesions were quite different. Higher total lesion volume was found in patients treated using the Parodi Anti-embolic System and Naviballoon. Using the distal double balloon protection technique, a second balloon was introduced to occlude the external carotid artery. Theoretically, this will interrupt any potential embolic pathway through the anastomotic channels between the external and internal carotid arteries. We reported a lower incidence of ipsilateral and contralateral ischemia using double balloon protection as compared to single balloon protection. However, ipsilateral and contralateral lesion volumes per lesion were larger using double balloon protection (62.8 mm 3 and 98.8 mm 3 ) compared to single balloon protection (56.9 mm 3 and 84.7 mm 3 ), indicating that the introduction of a second balloon for external carotid artery protection carried the risk of plaque mobilization and subsequent release of new embolic debris before protection was achieved. This finding was supported by the higher number of contralateral lesions and larger total contralateral lesion volume per patient following treatment using double balloon protection.
The efficacy and limitations of these protection devices have been widely investigated. An ex vivo study reported that all protection devices caused histologically visible wall damage which commonly resulted in dislodged debris during deployment and retrieval of the devices. 20) A significantly reduced frequency of microembolic signals were detected by transcranial Doppler ultrasonography during CAS using distal balloon protection. 1) No differences were found in the rates of clinical events between filter and distal occlusive devices. 34) Our experience with filter devices is limited due to the small number of patients. Further, commercially available filter devices in Japan have lower flexibility and larger crossing profile with rough coating, making navigation of balloon catheters and stents more difficult. However, the lower incidence of clinical events and lower lesion number and total lesion volume per patient do illustrate the efficacy of these new filter anti-embolic devices. Microembolic lesions detectable with diffusion-weighted imaging appeared in 26% of patients treated with a distal filter device versus 36% of patients treated with unprotected CAS. 8) A series of 162 CAS procedures involved distal ischemic events in 17.3% of patients, and the number of lesions per patient was 2.07, 23) compared to 2.8 in our study. However, all filtration devices have programmed pores to permit antegrade blood flow, which may allow particles smaller than the pore size to pass through the filter, and these Distal Ischemia After CAS small microemboli may not be visible using diffusion-weighted imaging. 21) In our study, diffusion-weighted imaging was performed within 4 days of the procedures. Previous experimental studies showed that diffusion-weighted imaging can detect cerebral ischemic lesions as early as minutes to 3 hours 17, 24) and within 2 to 6 hours after the onset of symptoms in humans. 16, 29, 30) Our study detected new contralateral ischemic lesions in 20.4% of our patients. We may assume that all intraarterial manipulation carries a certain risk for embolism and subsequent ischemic events. 30) Cerebral embolic events may occur during diagnostic angiography performed at early CAS caused by thromboembolism or air embolism introduced by injection of contrast medium or catheter flushing. 23) The apparently high incidence of contralateral lesions matched previous studies using diagnostic angiography. New ischemic lesions occurred in 29% of 59 patients after diagnostic angiography, and the frequency of lesions was correlated to the amount of contrast medium, timing of the procedure, number of vessels difficult to probe, and use of more than one catheter. 5) The upper boundary of 9% abnormalities associated with angiography is supported by diffusion-weighted imaging of asymptomatic patients, 6) and 69.2% of lesions in our study were located in the vascular territory of the treated carotid artery, suggesting that microembolism may occur at any time during CAS.
Ex vivo evaluation of the risk of embolization at various stages of carotid bifurcation balloon angioplasty showed that angioplasty generates embolic particles after each stage of the procedure, with the maximum particle size increasing from 220 mm during wire/catheter passage to 1100 mm after angioplasty. 7) A clinical study identified increased microembolic signal counts during unprotected CAS using multichannel transcranial Doppler ultrasonography during stent deployment, predilation, and postdilation, with the highest count observed during stent deployment. Stent deployment is generally believed to be associated with a lower incidence of embolic signals due to the scaffolding effect, which may trap the atherosclerotic debris against the carotid artery wall. In contrast, the present study found that a distal balloon protection system significantly reduced the frequency of microembolic signals during CAS, particularly during these three phases. 1) The present outcomes after protected CAS compared favorably with the upper boundary of distal cerebral ischemic lesions associated with surgery, such as a 34% incidence of embolic lesions after carotid endarterectomy, 18) although several other studies showed lower incidences of less than 10% using conventional repair. 4, 10) New lesions were found on the side of stent placement in 15.3% of 72 patients who underwent CAS without the use of protection devices, but no new contralateral ischemic lesions. 27) We cannot compare those results with our study, as the previous study used conventional MR imaging with a section thickness of 6 mm. The frequency and volume of new lesions detected may be different with the thin-section technique used in our study.
The present study found that high lesion volume and high number of new distal cerebral ischemic lesions detected by diffusion-weighted imaging are associated with neurological deficits after CAS. The lower incidences of distal ischemia using proximal flow reverse protection devices and the use of distal balloon protection with the Naviballoon is limited by the large lesion volumes of distal ischemia in these patients. The introduction of a second balloon for external carotid artery protection decreases the incidence of ipsilateral and contralateral new ischemic lesions, but increases the volume of contralateral ischemic lesions. We believe that the ideal protection device must offer lower incidence as well as smaller lesion volume and fewer newly occurring distal ischemic lesions. Such a device is currently not available, at least not in our institution.
